One of the significant challenges in the use of nanoparticles is the control of primary particle size and extent of agglomeration when grown from the gas phase. In this paper we evaluate a possible strategy of surface passivation. Here the particle-particle interaction of hydrogen-surface-terminated silicon nanoparticles has been evaluated using molecular dynamics simulation. Nanoparticles of the size between 200 and 6400 silicon atoms at 300-1800 K were studied with a reparametrized Kohen-Tully-Stillinger empirical interatomic potential. A hydrogen monolayer is shown to prevent coalescence between particles under thermal collision conditions. The critical approach energy for coalescence was found to increase with increasing particle size but decreases with increasing temperature. Both solid and liquid droplets were seen to bounce at thermal energies, and in some cases, ''superelastic'' collisions are observed, where the rebound kinetic energy of the droplet is higher than the approach energy. These results suggest that surface coatings can significantly retard nanoaerosol growth.
I. INTRODUCTION
Fabrication of nanometer particles in both large quantities and at a sufficiently low cost has been considered one of the major challenges for their applications in microelectronics and advanced materials. Preparation of these materials at the industrial scale by vapor-phase condensation usually involves rapid coagulation due to the high concentrations used. In addition, the rate of collision and subsequent coalescence of particles determines the size of the spherical primary particles and the growth of agglomerates. A schematic of nanoparticle growth in a gas-phase process is shown in Fig. 1. An aerosol model that purports to represent the growth and shape of particles must have within it the basic physics behind the coalescence process. 1 Depending on the desired end use of the particles, different primary particle sizes and extents of agglomeration are desired. In many cases the main focus is towards minimizing agglomeration ͑Xiong and Pratsinis 2 ͒, while, for example, for new classes of energetic materials, the main focus is to maximize agglomeration so as to increase the exposed surface area of the particles available for reaction. In the end the nature of the final primary particle size, and the extent of agglomeration are determined by the competition between the time for particle-particle collisions and coalescence. If the characteristic collision time between particles is less than the characteristic coalescence time, particles will coalesce before another collision event occurs. However, if the collision time is less than the characteristic coalescence time, chain aggregates result: coalescence Ͻ collision →spherical particle, coalescence Ͼ collision →agglomerate.
Conceptually then we can control particle morphology and size by either controlling the characteristic coalescence time or the collision time. Obviously one simple method to change collision time is by changing the number concentration of nanoparticles, but controlling the characteristic coalescence time is more challenging because of the nonlinear nature of the coalescence dependence on temperature.
For example, the characteristic coalescence time calculated from a solid-state diffusion model is written as
where T p is the particle temperature, N is the number concentration, D is the solid-state diffusion coefficient reported as an Arrhenious function of the temperature, 7 and is the surface tension of the particle. For viscous flow, the coalescence time is given by ported the kinetics of growth and coalescence of silicon nanoparticles using molecular dynamics ͑MD͒ calculations. They reported that the particle morphology and the coalescence time are very sensitive to particle temperature and that the coalescence time also depends on particle size for solidlike particles.
In the consideration above it is always assumed that the all collisions lead to either agglomeration and/or coalescence. However, one might argue that another approach would be to change the surface properties of particles such that not all collisions are reactive or that somehow the coalescence rate could be altered by surface functionalization. The purpose of this paper is to investigate this possibility using computational modeling. We choose hydrogen passivation of silicon as our test system to investigate the effect on surface reactivity.
Background on surface reactivity
Recent classical MD studies by Ramalingam, Maroudas, and Aydil 10 and Ohira, Ukai, and Noda 11 demonstrated that the presence of a hydrogen monolayer on the flat surface of silicon changes the reactivity of SiH x (0рxϽ4) radicals with the surface significantly. They also found good agreement between the average reaction probability and experimental data.
These studies suggested to us a third approach to control the growth of particles using the presence of a hydrogen monolayer on the surface of a silicon particle. It is well known that silicon grown from silane and silicon in the presence of hydrogen show significant amounts of surface hydrogen. 12, 13 Onischuk et al. investigated the mechanism of aerosol formation during thermal decomposition of silane and found that during the initial stage of particle growth, hydrogen is mainly contained in polysilane chains formed in turn by pyrolysis products with a stoichiometry of Si n H 2n . 14 During later stages the particles are formed from hydrogendepleted intermediates, and the hydrogen in particles is mainly bound in monohydride groups. It is therefore quite conceivable that one could produce such materials from vapor.
A number of mathematical models have been proposed to study particle bounce for micron-sized bodies or larger. The contact between two smooth elastic bodies was investigated by Hertz, 15 who demonstrated that both the size and shape of the zone of contact followed from elastic deformation. Johnson, Kendall, and Roberts 16 suggested that at zero applied load, the radius of the contact area made by an attractive interaction of two spherical particles of the same size is given by
where ⌫ is the energy per unit contact area, RϭR 0 /2, and Kϭ8k/3. R 0 is the radius of the particle and k is the elastic constant of the material, i.e., kϭ(1Ϫ)/(E), where is the Poisson ratio and E the Young modulus of the particle. This theory implies that the contact area is proportional to the number of atoms to the 4 9 th power.
We note that pure silicon particles would attract each other, while the hydrogen monolayer creates repulsive forces between the particles. To our knowledge, there is no simple contact mechanics theory for particles with heterogeneous layers. Also, to our knowledge this approach has never been investigated either by experiment or theory/simulation. We have chosen to employ molecular dynamics ͑MD͒ simulation, because of our prior use of the method to study the coalescence rate of bare silicon nanoparticles. The use of MD allows us, in a very systematic manner, to study the role of the passivating layer as a function of particle size, temperature, and collision energy. In this paper we limit our investigation to the particle-particle collision event ͑reactiv-ity͒, and leave the issue of the role of surface passivation on coalescence rate to a subsequent paper.
II. COMPUTATIONAL MODEL
This study involves atomistic simulations using classical molecular dynamics. For this study we have modified the interatomic potential for silicon developed by Stillinger 19 Ohira et al., 11, 20, 21 and Ramalingam, Maroudas, and Aydil, 10 where a Tersoff-type potential [22] [23] [24] [25] was extended to describe interatomic interactions in the Si:H system. This extended version of the Tersoff potential has been tested successfully for its accuracy in describing the Si:H system in several earlier studies; however, the simulation of liquid silicon was not well described by the potential. 24 By contrast, the extended SW potential ͑KTS͒ was designed to describe interactions in both solid and liquid forms of silicon, and while it is known that the SW potential does not give accurate structures for very small ͑Ͻ15 atoms͒ Si clusters at 0 K, 26, 27 it produces the correct structure for bulk liquid Si. 28 We have chosen to use the KTS potential since most synthesis processes leading to cluster formation occur at high temperature, cluster growth by coalescence is dominated by liquidlike characteristics, and the accuracy of the SW potential is known to increase with increasing particle size or temperature. The KTS potential energy V is a sum of two-and three-body interactions given by
where the two-body term is
and the three-body term is
where h is
r is the distance between a pair of atoms, b i j and jik are the cutoff distance of the two-body and the three-body potentials, respectively, and i jk is the vertex angle at j subtended by i and k. ␣ i j , ␤ i j , p, and a i j are fixed parameters chosen by Stillinger and Webber 17 for the liquid silicon condition. Parameters jik , jik , jik , ␥ i j(k) , and ␥ ik( j) are constants formulated by Kohen, Tully, and Stillinger. 18 In order to check if the KTS potential could describe the behavior of two interacting coated silicon nanoparticles accurately, we use SiH 4 to represent the smallest possible hydrogen-passivated silicon system. The KTS potential energy was computed at various distances r between the two silane molecules. For this interaction three different configurations were assessed: ͑a͒ three hydrogen atoms from each silane interacting symmetrically ͑tail-tail͒, ͑b͒ one hydrogen atom of each silane interacting symmetrically ͑nose-nose͒, and ͑c͒ nose-to-tail interaction. These results were then compared with an ab initio electronic structure calculation using the Gaussian program suite at the MP2/cc-aug-pVTZ level of theory ͑MP2 denotes the second-order Møller-Plesset perturbation theory; 29 cc-aug-pVTZ is Dunning's triple correlation consistent basis sets with diffuse functions 30 ͒. Figure 2 shows the results for the three configurations considered. It can be seen that the repulsive part of the KTS potential develops more than 1 Å farther out than the electronic structure calculation. The stronger H-H repulsion of the KTS potential would tend to make coated particles less reactive than the electronic structure calculation would suggest. Since this issue is at the crux of our investigation, we felt it was necessary to reparametrize a part of the KTS potential model. The new parameters were fitted to the electronic structure calculation using a genetic algorithm to optimize the parameters 31 with constraints so as not to lose the important aspects of the KTS model. The final adjusted set of parameters for the modified KTS potential are summarized in Table I , and the corresponding plot of the energy surface is shown as a solid line in Fig. 2 .
The bond distances, angles, and energies for the four silicon hydride molecules employed as input are shown in Table  II . In general the results are quite reasonable; however, in order to get the KTS H-H repulsion to be less severe, it was necessary to reduce the cutoff distance from 2.8 to 2.4 Å. The result has little effect on the silane radicals (SiH 3 and SiH 2 ), but because of the lower H-H repulsion the potential makes the silane molecule too stable. Fortunately for our purposes, the surface-coated structures will look more like a combination of SiH and SiH 2 surface structures. The essential result is a compromise situation. Our feeling is that for this study it was more important to get the H-H repulsive interaction reasonably correct, since it will eventually be the bottleneck for particle-particle reactions.
III. SIMULATION PROCEDURE
All simulations were run on a Cray T3E computer running up to 64 processors. The trajectories of all the atoms are determined by integrating the equation of motion according to the velocity form of the Verlet algorithm 38 with rescaling of atomic velocities at each time step to achieve temperature control. A time step of 0.05 fs was typically used to ensure energy conservation, and the Verlet neighbor list with parallel architecture was employed in all the simulations. The neighbor list was renewed every 10 steps. The simulations take place in a spherical cavity of 20 nm radius with an elastic boundary condition.
The first step in the equilibration process was to prepare pure silicon particles of various sizes ͑200, 800, 1600, and 6400 atoms͒ at 300 K. After the angular momentum was removed, the particle temperature was raised to 2100 K using constant-temperature MD for 1 ns. Particle temperatures were reduced slowly to 300 K and equilibrated for 50 ps. The next step was to coat the particles with hydrogen atoms. Since the particles were already equilibrated, almost all surface atoms had a coordination number of three. A hydrogen atom was placed on each surface silicon atom at a distance of 1.5 Å and the particle temperature was maintained at 300 K for 10 ps. Any hydrogen atoms that were released from the surface were removed from the simulation, and the dynamics repeated for 10 ps. After generating the hydrogen monolayer on the silicon particles, the temperature of the particles was slowly raised to the desired temperatures of 600, 1000, 1200, 1500, and 1800 K and maintained at constant temperature for 50 ps. For the last step in the preparation process, the simulations were switched to a constant-energy calculation for 20 ps. If the average temperature of the particle deviated by more than 10 K over this period, the equilibration process was repeated until the particle temperature deviated by less than 10 K.
To study particle-particle interactions, the particles were replicated and separated by a distance of 6 Å, so that the particles did not experience any interaction. Particles were then given a net specified velocity relative to the center of mass of the system so that they collided with zero impact parameter.
IV. RESULTS AND DISCUSSION
It is known that when solid particles interact at low velocity, the particle loses kinetic energy through elastic deformation, and the higher the collision energy, the higher the deformation, and the greater the resulting adhesion. However, at very high collision energies there is dissipation of kinetic energy into deformation, and any remaining energy that cannot be accommodated into the surface is converted into the kinetic energy of the rebound. If this rebound energy is greater than the adhesive energy, particles will not adhere to each other. On the other hand, liquid drops are more able to accommodate the kinetic energy into mechanical deformation, and for this reason liquid drops do not bounce off each other. However, in the latter case, the presumption is that the surfaces are mutually attractive. In the present study we investigate the dynamics of these interaction if the surfaces are mutually repulsive. Figures 3͑a͒ and 3͑b͒ show an external and cross-section view of a nanoparticle consisting of 6400 silicon atoms, coated with 785 hydrogen atoms, which corresponds to roughly a 6-nm particle. In none of our studies did hydrogen diffuse interior to the particle. In order to study the effect of the hydrogen-passivation layer on the reactivity of silicon nanoparticles, we have estimated the critical approach energy needed for reaction. The critical approach energies are obtained for various particle sizes (200 Siϩ74 H, 800 Si ϩ211 H, 1600 Siϩ372 H, and 6400 Siϩ785 H atoms͒ at various initial temperatures ͑600, 1000, 1200, 1500, and 1800 K͒. The results are summarized in Fig. 4 . The horizontal axis is the ratio of the approach energy KE app ͑in terms of temperature͒ to the particle temperature T p , and the vertical axis is the number of silicon atoms in a particle to the Clearly from the figure we see that the critical approach energy for reaction, for the cases where all silicon bonds are hydrogen saturated, are much higher than the particle thermal collision energy. We point out that an unpassivated particle ͑i.e., bare silicon͒ does not require any activation for a reactive collision. Furthermore, liquid drops are never known not to coalesce, because the driving force is the reduction in surface free energy. For nanometer-sized particles, individual atom-atom collisions dominate the collision force, 39 and in our study, the collision force should be dominated by the repulsive interaction between hydrogen atoms on the surface of the particles. As a result, high collision energies are required to overcome the repulsive barrier. The most interestingly obvious result is that liquid particles bounce when collided at thermal energies. For example, we see that for a particle at 1800 K, coalescence occurs, depending on particle size, only at collision energies 8 -30 times the thermal temperature of the particle. The critical approach energy increases with increasing particle size for all particle temperatures studied. Furthermore, the linear nature of the graphical results indicate consistency with the 4 9 th power dependence for the interaction area. The latter result is a natural consequence of the contact surfaces, which are coated with hydrogen, producing a repulsive force between the particles, so that the critical approach energy must increase with increasing particle size.
It is also clear that hotter particles require a lower critical cluster kinetic energy for reaction. Furthermore this dependence becomes increasing pronounced as the particles get larger. This is more effectively presented by plotting the inverse of the slope ͑in Fig. 4͒ versus the particle temperature in Fig. 5 . The physical meaning of such a plot is that the y axis represents the reduced critical collision energy per unit contact area. As the temperature is increased for solid particles a linear decrease in the reduced critical energy is seen. When the particles melt, the reduced critical energy transitions to a lower threshold value. This implies that when liquidlike, the internal kinetic motion of the atoms couple more effectively during a collision process.
The sensitivity of the role of the hydrogen repulsion is illustrated with particle collisions for a system in which particles have only 75% of the available surface sites covered with hydrogen. When compared to the saturated case, we see ͑in Fig. 4͒ that particle reactivity is significantly greater, but still requires a nonthermal collision for reaction to occur. In general, these particles do not show any size dependence on reactivity over the size range studied. In that regard they behave similar to unpassivated particles, but still require superthermal activation.
The hotter the particle, the lower the relative kinetic energy needed to induce particle-particle reaction. Even so, all reactive events required collision energies ͑at least for par- ticles up to 1800 K͒ that were significantly above thermal energies.
To assess the role of energy transfer, we plot in Fig. 6 the ratio of ͑1͒ the particle collision period t c to the period of the thermal collision case, ͑2͒ the kinetic energy of the rebound ͑translation only͒ to that of the approach, and ͑3͒ the kinetic energy of rotation to that of the approach for a particle at 300 K (200 Siϩ74 H atoms͒ as a function of approach energy. The horizontal axis is the approach energy in terms of temperature ͑K͒. As expected we see that the collision period decreases as the approach energy increases for energies below 22 000 K. Between 800 and 4000 K, the ratio of the rebound energy to the approach energy also decreases with increasing approach energy. At higher energies we see this ratio goes to zero, corresponding to a reactive collision. We also note that at low collision energies a significant fraction of energy can be carried away as rotational energy, which is associated with the time available for the particles to deform during the collision. We will continue to refer to this figure in this paper as we explore in more detail the nature of these collisions.
Figures 7͑a͒-͑c͒ show the temporal history of the potential energy between two particles for approach energies of KE app ϭ300, 3000, and 10 000 K. Positive and negative interaction energies refer to repulsive and attractive energies, respectively. However, for these collisions we observe only sharp short-lived repulsive energies. These repulsive interactions result directly from individual H-H interactions. Since the mobility of hydrogen atoms is much higher than either that of silicon atoms or the whole particle, the hydrogen atoms at low collision energies are able to, on the time scale of the collision, move away from each other on the silicon surface atoms. At these approach energies ͑Ͻ5000 K͒, we never observe any hydrogen atoms hopping to neighboring silicon surface atoms. In general, then, at the approach energies shown here, there are only H-H interactions between the particles, and a rough correlation can be seen between the collision period and the rebound energy ratio. We demark this boundary of interaction in Fig. 6 for clarity. At higher collision energies, KE app Ͼ5000 K, we observe in Fig. 7 that like the low-temperature collisions these are mostly repulsive interactions. However, we see a much more complex long-lived interaction at these higher collision energies, with progressively more intense repulsive interactions. These repulsive energies are produced from both H-H and Si-H interactions ͑see Fig. 6͒ . It seems that the appearance of such additional repulsive energy interactions increase the rebound energy of the particles, which breaks the proportionality between the collision period and the rebound energy ratio observed in Fig. 6 at lower collision energies.
It can be noticed from Fig. 6 that a relatively large amount of energy is transferred to rotation, which is usually not considered in micron-sized particles. This kind of energy transfer occurs partly because the surface being considered at the atomic scale is not smooth, and partly because the particles are not perfectly spherical. We noted that the ratio of the rotational energy to the approach energy decreases as the collision period decreases. Moreover, the rate of decrease of both the collision period and the rotational energy ratio are similar when 800 KϽKE app Ͻ4000 K. However, when KE app Ͼ5000 K, the ratio of the rotational energy to the approach energy stays constant at around 8.
It is also instructive to observe the number and type of interactions during the collision period for the three cases discussed above, as seen in Fig. 8 . Here we observe that the interactions are much more long lived for the smaller collision energies, and that on the scales shown in Fig. 7 are not observable due to the small interaction energy when particles are not close enough. As the collision energy increases, the number of interactions increases and is more narrowly peaked in time. At low collision energies the interactions are primarily made up of H-H interactions, while the higher energies are equally split between Si-H and H-H interactions.
The adhesion of two particles can be observed at 24 000 KϽKE app Ͻ35 000 K ͑see Fig. 6͒ . At this range of KE app the particles make a Si-Si bond between the particles right after the collision, following which particle coalescence begins. However, at still higher energies 40 000 KϽKE app Ͻ100 000 K, particle bounce can be observed even after making a Si-Si bond between the particles. action ͑produced between two particles͒, but in this case for what seems like an initially reactive collision. We observe the presence of a large attractive energy of 2 eV after the collision, associated with a Si-Si bond between the particles. The repulsive contributions seen in the lower-energy collisions are also presented but do not show up in the scale of the graph presented. About 1 ps after the collision, the combination of the Si-Si, Si-H, and H-H repulsive contributions becomes too large to keep forming the Si-Si bond so that after 1.5 ps the particles break the Si-Si bond and bounce. This bouncing process makes the collision period long ͑i.e., t c /t c thermal ϭ1.06 and 1.07 at KE app ϭ40 000 and 80 000 K͒ and consumes a major part of the collision energy as a result of breaking the Si-Si bond. As a result the rebound energy becomes extremely small, e.g., KE reb /KE app ϭ0.03 at KE app ϭ40 000 K. At still higher energies 100 000ϽKE app Ͻ500 000 K, the particles form multiple Si-Si bonds and thereafter stick.
It is interesting to note in Fig. 6 that under some conditions the kinetic energies of the particle increase after collision, i.e., KE reb ϩKE rot ϾKE app . At 800 K, for example, the total kinetic energy after collision is 40% higher. Figure 10 shows the temporal history of the potential energy during this collision. As the particles approach, the repulsive contributions result in deformation of the particle and an increase in the potential energy. Thereafter, the potential energy drops as the particles bounce, due to the recovery of the spherical shape and a reduction in surface area. However, the resulting particles have an energy that is lower by 0.03 eV and implies that the particles have cooled as a result of collision. This result is in contrast to elastic collisions that satisfy the condition KE reb ϩKE rot ϽKE app , that is to say, particles leave with less kinetic energy after collision. However, the presence of the hydrogen passivation layer in our case removes the adhesion energy contribution, and at least for small particles, we have the possibility of having such ''superelastic'' collisions, KE reb ϩKE rot ϾKE app .
The previous discussions focused on solidlike particles. We now turn our attention to liquid nanodrops, where we have raised the temperature of the particles to 1800 K. The first point we note is that the superelastic behavior observed is even more enhanced under liquid drop conditions. We found, for example, that for a 2000-K approach energy the drop kinetic energy after collision was 3.7 times larger ͓i.e., (KE reb ϩKE rot )/KE app ϭ3.7]. Figures 11 and 12 show the temporal history of the kinetic and potential energy for such a collision. It is clear that the exit kinetic energy is significantly higher and corresponds to the decrease seen in the   FIG. 8 . Temporal behavior of the number and type of atomic interactions between two particles (200 Siϩ74 H atoms, each͒ for ͑a͒ KE app ϭ300 K, ͑b͒ KE app ϭ3000 K, and ͑c͒ KE app ϭ10 000 K. potential energy. In this case, the increase in the rebound energy is 0.461 eV.
The contrast between solid and liquid during collision seen by plotting the reduced moment of inertia ͑a value of unity is a sphere͒ are shown in Fig. 13 . Particles at 300 K maintain their spherical shapes and the contact area is small. On the other hand, the liquid drops at 1800 K deform in shape, thereby increasing the contact area and repulsive contribution, which leads to these superelastic collisions.
V. CONCLUSION
In this work we report on the use of constant-energy molecular dynamics simulations to investigate the effect of hydrogen-surface passivation of silicon nanoparticles on the reactivity to each other. The objective of the work was to determine if one could significantly alter nanoparticle reactivity during aerosol formation of silicon. In these simulations particles containing up to 6400 silicon atoms were studied at temperatures from 300 to 1800 K. In this work we have also reparametrized the Kohen-Tully-Stillinger empirical interatomic potential in order to obtain a more accurate representation of the H-H repulsive interaction.
It was found that the hydrogen-passivation layer prevents particle reaction at thermal collisions for all particle sizes and temperatures studied, including liquid nanodroplets. The critical approach energies for reaction were found for various sizes and temperatures. The general trend was that the critical collision energy increases with increasing particle size, due to an increase in the contact area between the colliding particles. On the other hand, the critical approach energy decreases with increasing particle temperature due to increase of the reactivity of the surface atoms.
One of the most interesting findings was the effect of the passivation layer on the reactivity of liquid droplets. During aerosol growth of nanoparticles it is a standard assumption that liquid droplets are always reactive and subsequent coalescence is fast. These results show that the hydrogen monolayer provides an essentially perfect passivation layer.
Dynamic analysis of the results showed that the particle rebound energy decreases with decreasing collision period when only H-H interactions dominate, but become more complex at higher collision energies when both Si-H and H-H interactions contribute. Moreover, superelastic collisions were observed, wherein the KE reb ϩKE rot ϾKE app , and internal cooling of the particles took place. The essence of this problem is a competition between the repulsive effect due to the passivation layer and the attractive effect of the Si-Si interaction, which depends on temperature, size, and contact area. The results of this paper indicate that surface passivation might be a very effective strategy to control the growth and morphology of nanoparticles grown from vapor.
